Most insights into adenovirus pathogenesis have come from natural infections because adenoviruses are species specific. A better understanding of how adenoviruses interact with the host immune system would be beneficial because adenoviruses are important human pathogens (30) and because the immune system limits the efficacy of adenovirus-mediated gene therapy (80) . In fact, a greater appreciation of the immunogenicity of adenoviruses has led to the use of adenovirus vectors in immunotherapy and therapeutic vaccine strategies (51) . Determining how adenoviruses and T cells interact will improve strategies for adenovirus-mediated immunotherapy. Mouse adenovirus type 1 (MAV-1) provides an ideal model system for the investigation of adenovirus-host interactions at the level of immunity.
Study of MAV-1 permits the examination of a replicating adenovirus in vivo. The double-stranded, linear DNA genome of MAV-1 is similar to those of human adenoviruses (hAds) in overall organization (50) . The virus causes acute and persistent infections in mice (reviewed in reference 64). Doses of as low as 1 to 100 PFU cause fatal disease in newborn and adult mice, and disease outcomes depend on the dose and strain of virus and the strain of mice infected (24, 45, 56, 66) . Inoculation of adult immunocompetent mice with wild-type MAV-1 results in a systemic infection of cells of the mononuclear phagocyte system and endothelial cells of the microvasculature (11, 39) . In adult C57BL/6 (B6) mice, this leads to dose-dependent encephalomyelitis (24) . Brains of infected mice exhibit perivascular edema, and moribund infected mice also exhibit endothelial cell reactivity, vasculitis, vascular wall degeneration, and viral inclusion bodies (11, 24, 39, 45, 66) . Although MAV-1 can be detected in organs throughout the mouse, the highest levels of virus are found in the spleen and central nervous system (45, 63) . In situ hybridization and immunohistochemistry have shown that the virus is excluded from B cells and T cells in the spleen (39) . The endothelial tropism of MAV-1 is striking: the virus has not been observed in the brain parenchyma and is restricted to the vascular endothelium (11, 24, 39) .
The immune response to acute MAV-1 infection involves innate (10) , cellular (31, 34) , and humoral (14) immunity. By 96 h postinfection (p.i.), brains of B6 mice infected with MAV-1 have increased levels of mRNAs of the cytokines interleukin-1, tumor necrosis factor alpha, lymphotoxin, and interleukin-6; the chemokines IP-10, MCP-1, MIP-1␣, MIP-1␤, and RANTES; and the chemokine receptors CCR1 to -5 (10, 11) . Neutralizing and complement-fixing antibodies are detected at 2 to 3 weeks p.i. in adult mice infected with MAV-1, and antibody titers decline after 24 months (68) . Sublethally infected adult mice develop MAV-1-specific cytotoxic T cells (CTL) that are detectable at 4 days p.i., peak at 10 days p.i., and then rapidly decline (31) (32) (33) (34) . Inbred mouse strains that are resistant and susceptible to MAV-1 have been identified, and sublethal irradiation of resistant C3H/HeJ mice renders them susceptible (66) . Taken together, these studies suggest that immune responses are determinants of MAV-1 pathogenesis. However, the role of these processes in MAV-1 disease is largely unexplored.
T cells can limit pathology due to viral infection and/or cause collateral pathological damage in the context of acute (13, 40) and persistent (28, 54) viral infections. The balance between an effective antiviral T-cell response and T-cell-mediated immunopathogy is critical for host survival. The parameters that govern this balance vary among virus-host systems (26, 53) . However, the kinetics and abundance of viral antigen presentation in secondary lymphoid tissue and the effects of costimulatory host molecules are key determinants of T-cell activation (reviewed in references 36 and 79). Cell-mediated immunity (CMI) describes the effector functions of T cells, and these can be broadly classified into two types: cytotoxicity and cytokine production. ␣␤ CD8 ϩ T cells can undergo differentiation into effector CTL by a major histocompatibility complex (MHC) class I-dependent process, and they deliver cytotoxic granule proteins such as perforin to target cells (reviewed in reference 38). CD8 ϩ T cells can also produce antiviral cytokines (reviewed in reference 25). ␣␤ CD4 ϩ T cells interact with peptide-MHC class II molecules on the surface of antigen presenting cells (APCs) to become potent cytokine producers, and CD4 ϩ effector T cells can have cytotoxic potential (2) . ␥␦ T cells are largely double negative for CD4 and CD8, are abundant in epithelial tissues, are excluded from the lymphoid parenchyma, can recognize antigens in the absence of MHC, and can secrete cytokines or mediate cytotoxic cell killing (reviewed in reference 29).
Using available immunodeficient mice, we evaluated the roles of T cells, T-cell subsets, MHC class I, MHC class II, and perforin in protection from and contribution to MAV-1 disease. Mice lacking ␣/␤ or ␣/␤ and ␥/␦ T cells were resistant to acute disease, exhibited less acute histopathology than control mice, failed to limit MAV-1 replication, and succumbed at 9 to 16 weeks p.i. Mice lacking MHC class I function were resistant to acute disease signs, although they had higher viral loads than control mice in the acute phase. Mice lacking MHC class I function eventually cleared MAV-1. Mice lacking perforin showed fewer acute disease signs than controls but cleared MAV-1 similarly. No difference between control and MHC class II-deficient mice was detected. Our observations establish two critical roles for T cells in MAV-1-induced encephalomyelitis. T cells contributed to acute immunopathology and were required for long-term host survival of MAV-1-infected mice.
MATERIALS AND METHODS
Virus and mice. Wild-type MAV-1, originally obtained from S. Larsen (5), was grown and passaged in NIH 3T6 fibroblasts, and titers of viral stocks were determined by plaque assay on 3T6 cells as previously described (9) . All animal work complied with all relevant federal and institutional policies. C57BL/6J (B6), N5 (MHC class I-deficient) mice were purchased from Taconic. C57BL/ 6NCr (B6) mice were purchased from the National Cancer Institute. In all assays we have done to date on infected B6/J or B6/NCr mice, the two strains have behaved indistinguishably (this work and data not shown). These include survival experiments, viral growth, histopathology, and in situ hybridization. Mice were infected with the indicated doses by the intraperitoneal route in a volume of 0.1 ml of phosphate-buffered saline. Mice were housed in microisolator cages, age and sex matched, and infected at between 4 and 6 weeks of age. Infected mice were scored twice daily for the presence or absence of any disease signs, i.e., hunched posture, ataxia, or ruffled fur, and also, in moribund mice, abdominal breathing, hindlimb paralysis, seizure, or tremor. Moribund mice were euthanatized by CO 2 asphyxiation.
Quantitation of virus from organs. Organs were harvested aseptically from euthanatized mice, and homogenates were prepared as described previously (66) . Virus was titrated by plaque assay on 3T6 cells as previously described (9) . Briefly, 20 to 200 mg of tissue was homogenized in phosphate-buffered saline in a microcentrifuge tube by using a plastic pestle and sterile sand. Organ homogenates (5 to 10%, wt/vol) were serially diluted and assayed. The means of the log titers were compared by a two-tailed t test, assuming equal variance. Counts of fewer than 20 plaques per 60-mm-diameter plate were considered unreliable. Therefore, 2 ϫ 10 3 PFU/g of tissue was calculated as the detection limit. Values below the detection limit were excluded from statistical analyses (calculations of means and t test statistics).
Histology. The following organs were harvested and fixed in 10% formalin: spleen, kidney, liver, small and large intestines, Peyer's patches, mandibular lymph nodes, thymus, lung, heart, and brain. Tissues were formalin fixed and paraffin embedded as previously described (39). Hematoxylin and eosin (H-E)-stained sections were viewed by light microscopy.
ISH. In situ hybridization (ISH) was performed as previously described (39) . Briefly, sections were deparaffinized, rehydrated, digested with proteinase K, and probed with an antisense digoxigenin riboprobe transcribed from a segment of the E3 region inserted into pBluescript SK(Ϫ) vector. Following hybridization, slides were incubated with antidigoxigenin-alkaline phosphatase (Boehringer Mannheim), and the substrate nitroblue tetrazolium plus 5-bromo-4-chloro-3-indolylphosphate (Boehringer Mannheim) was added. Slides were lightly counterstained with hematoxylin, and coverslips were applied with Permount.
PCR and reverse transcription-PCR (RT-PCR).
For DNA isolation, approximately 50 mg of tissue was incubated overnight at 55°C in 700 l of 50 mM Tris (pH 8.0)-100 mM EDTA-100 mM NaCl-1% sodium dodecyl sulfate-0.5 mg of proteinase K per ml. Samples were mixed with an equal volume of phenol and then centrifuged at 18,400 ϫ g for 5 min at room temperature. The aqueous layer was mixed with an equal volume of chloroform-isoamyl alcohol (24:1). The aqueous layer was precipitated with 95% ethanol and washed once with 70% ethanol. The pellets were air dried and resuspended in 100 l of 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 65°C. For RNA isolation, approximately 50 mg of harvested tissue stored in RNAlater (Ambion) was homogenized in 900 l of TRI reagent (Molecular Research Center, Inc.) at room temperature in a microcentrifuge tube by using sterile sand and a plastic pestle. Sand and tissue debris were removed by centrifugation (5 min, 700 ϫ g), and RNA was isolated according to the manufacturer's instructions. Positive control RNA was prepared as previously described (8) from 3T6 fibroblasts infected with MAV-1 at a multiplicity of infection of 5.
For PCR analysis, 1 g of DNA obtained from spleen or brain was used as the template in a 55-cycle reaction. Reaction conditions and the MAV-1 E3-specific primers MAVR24718 and MAVR25148 were as described previously (66) . For RT-PCR analysis, spleen and brain RNAs were reverse transcribed with avian myeloblastosis virus reverse transcriptase as previously described (6) and PCR amplified in a 35-cycle reaction. MAVR24718 and MAVR25148 span an E3 intron and therefore can be used to distinguish cDNA from any contaminating genomic DNA. PCR and RT-PCR products were visualized on 7% polyacrylamide gels.
RESULTS
Virulence of acute MAV-1 infection in B6 and mutant mouse strains. Since in various virus-host systems T cells can be important for viral clearance and can cause immunopathology, we wanted to determine whether the clinical outcome of MAV-1 infection was altered in T-cell-deficient mice. Mice were infected intraperitoneally at various doses and monitored for disease signs and mortality at 8 days p.i. This time point corresponds to the acute phase of infection. The dose-dependent mortality of control mice listed in Table 1 agrees with published MAV-1 50% lethal doses for B6 mice (24, 66) . TCR␣ Ϫ/Ϫ mice lack ␣/␤ T cells, and TCR␤x␦ Ϫ/Ϫ mice lack both ␣/␤ and ␥/␦ T cells (52) . Unlike MAV-1-infected control mice, MAV-1-infected TCR␣ Ϫ/Ϫ and TCR␤x␦ Ϫ/Ϫ mice exhibited no clinical disease signs up to 8 days p.i. at all doses tested (Table 1) . Also, TCR␤x␦ Ϫ/Ϫ mice infected with 10 4 PFU of MAV-1 exhibited 100% survival at 8 days p.i., in contrast to control mice (Table 1) . To dissect what ␣/␤ T-cell function could be contributing to MAV-1 disease, we infected mice deficient in certain T-cell subsets and CMI functions. ␣/␤ Tcell development depends on the surface expression of MHC molecules (23, 44, 59) . Mice with a targeted mutation of the mice are also deficient in CD1 expression and lack NKT cells (7, 12) . (A ␤ bϪ/Ϫ and ␤ 2m Ϫ/Ϫ mice will hereafter be referred to according to their primary deficiencies, i.e., MHC class II and I, respectively, although these mice have deficiencies in specific T-cell subsets. We acknowledge that the immunodeficient mice used in these studies may also have other, uncharacterized phenotypes that could alter MAV-1 pathogenesis.) There was no difference in the proportion of survival between control and MHC class II-deficient mice, and they had similar disease signs (Table 1 ). In contrast, ⌴⌯C class I-deficient mice showed no disease signs up to 8 days p.i. (Table 1) . We tested the role of perforin, a cytolytic pore-forming protein known to be secreted by effector CD8 ϩ T cells (20) , CD4 ϩ T cells (2, 72) , and NK cells (62) . Mice lacking perforin (Pfp Ϫ/Ϫ ) were resistant to acute MAV-1 disease, showing no disease signs or mortality at 8 days p.i. (Table 1) . Together, the observations with mice lacking perforin, MHC class I function, and T cells indicate that acute MAV-1 disease is dependent on MHC class I and lymphocyte-mediated cytotoxicity.
Quantitation of infectious virus from organs of acutely infected B6 and mutant mouse strains. We tested whether the altered virulence of MAV-1 in immunodeficient mice compared to B6 controls correlated with the level of virus replication in tissues of MAV-1-infected mice. MAV-1 replicates to highest levels in the spleen and central nervous system (39, 45) . We harvested spleens and brains of infected mice and titrated infectious virus by plaque assay. There was no difference in viral titers in spleens and brains between B6 mice and mice lacking ␣/␤ T cells at 6 days p.i. (Fig. 1A) or in mice lacking ␣/␤ and ␥/␦ T cells at 7 days p.i (Fig. 1B) . Figure 1C shows that at 8 days p.i. viral titers in spleens and brains of mice lacking ␣/␤ T cells were higher than those in B6 mice. Similar to the T-cell-deficient mice assayed at 8 days p.i. for Table 1 , the T-cell-deficient mice for Fig. 1 exhibited no disease signs at 6 to 8 days p.i., whereas control mice exhibited typical dosedependent MAV-1 disease signs (Table 1 and data not shown). We tested the role of MHC class I in limiting MAV-1 replication. Figure 1D shows that at 8 days p.i. levels of infectious virus were the same in spleens of ⌴⌯C class I-deficient and B6 mice, but there was more virus in the brains of ⌴⌯C class I-deficient mice (P ϭ 0.03). We tested the role of perforin in limiting MAV-1 replication. Figure 1E shows that perforin did not play a role in control of MAV-1 replication at 8 days p.i., because levels of virus were the same in spleens and brains of control and Pfp Ϫ/Ϫ mice. We tested whether MHC class II has a role in limiting MAV-1 replication. At 9 days p.i., there was no detectable infectious virus in MHC class II-deficient or B6 spleens and brains (data not shown), suggesting that control of MAV-1 in the acute phase does not depend on MHC class II. Together the data indicate that control of acute MAV-1 replication was T-cell dependent but perforin and MHC class II independent.
Histopathology and ISH analysis of acutely infected T-celldeficient, perforin-deficient, and control mice. Since T-celland perforin-deficient mice had altered MAV-1 disease phenotypes compared to B6 controls (Table 1) , we assessed the histological evidence of MAV-1 disease in these mice. Figure  2A to D show representative histopathology and ISH of brain sections of B6 and TCR␤x␦ Ϫ/Ϫ mice infected with 700 PFU and harvested at 7 days p.i. (same mice as for Fig. 1B) . In infected B6 mice there was perivascular edema, vascular wall degeneration, and small numbers of inflammatory cells in the brain (Fig. 2A) . In contrast, the microvasculature of infected TCR␤x␦ Ϫ/Ϫ brains appeared to be normal (Fig. 2C) . This strongly suggests that T cells mediate acute immunopathology in the brain. H-E staining of mock-infected B6 brain is shown in Fig. 2E . Mock-infected brains of all strains in Fig. 2 had a similar appearance (data not shown). We assessed the cell tropism of MAV-1 in the presence and absence of T cells by an ISH assay. The cumulative disease signs and survival for multiple B6 control infections are indicated. The number of B6 mice used as proximate controls for each of the mutant mouse strains was as follows: TCR␣ Ϫ/Ϫ , 100 PFU, n ϭ 3; TCR␣ Ϫ/Ϫ , 700 PFU, n ϭ 3; TCR␤x␦ Ϫ/Ϫ , 700 PFU, n ϭ 18; TCR␤x␦ Ϫ/Ϫ , 10 4 PFU, n ϭ 5; MHC class II deficient, n ϭ 9; MHC class I deficient, n ϭ 6; Pfp Ϫ/Ϫ , n ϭ 8. c ND, not determined. (Fig. 2G) . In contrast, the microvasculature of infected B6 brains exhibited large numbers of inflammatory cells, perivascular edema, and vascular wall degeneration (Fig. 2I , K, and L). Brain endothelial cell staining for MAV-1 nucleic acid was not different between control and Pfp Ϫ/Ϫ mice at 8 days p.i., indicating that there was no difference in the cell tropism of MAV-1 between these mice ( Fig. 2H and J) . Taken together, the data show that acute MAV-1 encephalomyelitis correlated with the presence of T cells and perforin and not with the level of infectious virus (Fig. 1B and E and 2A to L) .
Long-term infection of T-cell-deficient mice. Mice lacking ␣/␤ or ␣/␤ and ␥/␦ T cells succumbed to MAV-1 infection at 9 to 16 weeks p.i. (Fig. 3) . Moribund T-cell-deficient mice exhibited typical signs of MAV-1 encephalomyelitis, such as ataxia, ruffled fur, hindlimb paralysis, and tremor. Interestingly, all MHC class II-deficient, ⌴⌯C class I-deficient, and Pfp Ϫ/Ϫ mice that survived the acute phase of MAV-1 infection survived past 12 weeks p.i. and showed no disease signs (data not shown). To directly assess the contribution of CD4 ϩ and CD8 ϩ T cells to protection from MAV-1, we infected CD4
Ϫ/Ϫ mice and CD8 Ϫ/Ϫ mice. These mice did not succumb to MAV-1 infection; they survived to 12 weeks p.i. (Fig. 3C) . Figure 3D shows that mice lacking ␣/␤ T cells succumbed to MAV-1 infection at 9 to 15 weeks p.i., whereas mice lacking ␥/␦ T cells survived. Thus, ␣/␤ T cells were required for longterm survival of MAV-1 infection, but ␥/␦ T cells, perforin, MHC class I function, MHC class II function, CD8 ϩ T cells, and CD4
ϩ T cells were not. Replication of MAV-1 in long-term-infected T-cell-deficient mice and persistence of MAV-1 in B6 mice. We determined the level of infectious virus in long-term-infected T-cell-deficient mice. High levels of virus were detected in spleen and brain at 3 weeks p.i. in TCR␣ Ϫ/Ϫ , mice relative to undetectable infectious virus in organs of B6 mice (Fig. 4A) . Figure 4B shows titration of infectious virus from the TCR␤x␦ Ϫ/Ϫ mice shown in Fig. 3A that were euthanatized when moribund at 9 to 12 weeks p.i. Attempts to isolate infectious virus from organs of long-term-infected B6, MHC class II-deficient, and MHC class I-deficient mice yielded no plaques even when organ homogenates were blind passaged sequentially two to three times on 3T6 cells (data not shown). Figure 4C shows quantitation of infectious virus from spleens and brains of mice surviving to 12 weeks p.i. and shown in Fig. 3C . No infectious virus was recovered from B6, CD8 Ϫ/Ϫ , and CD4 Ϫ/Ϫ mice, whereas high titers were recovered from the two surviving TCR␤x␦ Ϫ/Ϫ mice. Although infectious MAV-1 was undetectable in B6 mice at 12 weeks p.i., we used PCR to assay B6 brains and spleens for MAV-1 DNA and mRNA at 12 weeks p.i. Figure 5 shows the presence of MAV-1 DNA and early region 3 (E3) MAV-1 mRNA in B6 mice at 12 weeks p.i. Thus, in spleens and brains of B6 mice, MAV-1 DNA persists, but if infectious virus is produced, it is not lethal. In contrast, virus replicates to high Fig. 3C and 4C ). There was no histological evidence of disease or MAV-1 nucleic acid as detected by ISH in B6 brains ( Fig. 2M and N) and livers ( Fig. 2O and P) . There was also no histological evidence of disease or positive ISH staining in CD4 Ϫ/Ϫ mice and CD8 Ϫ/Ϫ mice at 12 weeks p.i. (data not shown). In contrast, there was evidence of typical MAV-1 encephalomyelitis in the brains of TCR␤x␦ Ϫ/Ϫ mice (Fig. 2Q) , and viral nucleic acid was observed in brain endothelial cells by ISH (Fig. 2R) . The livers of B6 and TCR␤x␦ Ϫ/Ϫ mice appeared to be histologically normal ( Fig. 2O and S) . However, MAV-1 nucleic acid was detectable in liver endothelial cells of TCR␤x␦ (Fig. 2T) .
DISCUSSION
This study was undertaken to determine the roles of T cells in MAV-1-induced encephalomyelitis. We have analyzed the pathogenesis of MAV-1 in mice deficient in T cells, T-cell subsets, and T-cell-related functions. Our results demonstrate that ␣/␤ T cells and perforin contribute to acute MAV-1 encephalomyelitis and that ␣/␤ T cells are required for control of MAV-1 replication and long-term survival of infection. Our data suggest that mechanisms contributing to T-cell-mediated disease and T-cell-mediated clearance of MAV-1 are different.
CTL were implicated in contributing to disease severity in the acute phase of MAV-1 infection. Since ␣/␤ T-cell-deficient, ␣/␤ and ␥/␦ T-cell-deficient, MHC class I-deficient, and perforin-deficient mice were resistant to acute MAV-1 disease, whereas MHC class II-deficient mice were not resistant to MAV-1 disease (Table 1) , we reason that CD8 ϩ CTL contributed to acute disease. Experiments to directly test this hypothesis and to assess the role of NK cells in perforin-mediated acute MAV-1 disease are in progress.
Mice with T cells had immunopathology in acute MAV-1 infection that was manifested as encephalomyelitis, and this was not seen in T-cell-deficient mice. Histological evidence of disease in MAV-1-infected B6 mice and the absence of such evidence in MAV-1-infected T-cell-deficient mice correlated with disease signs and not with viral titers (Fig. 1B, 2A, and  2C) . Furthermore, at 7 days p.i. endothelial cell staining of viral nucleic acid in the brain was similar for control and TCR␤x␦ Ϫ/Ϫ animals (Figs. 2B and D) . Thus, at 7 days p.i. mice without T cells had no acute disease but had levels of infectious MAV-1 and endothelial infection similar to those in mice with a normal T-cell compartment.
Perforin clearly contributed to immunopathology and disease but did not play a role in limiting MAV-1 replication. Pfp Ϫ/Ϫ mice exhibited less MAV-1-induced encephalomyelitis and showed fewer disease signs than control mice at 8 days p.i. (Table 1 ; Fig. 2G and I) . Perforin-deficient mice, like TCR␤x␦ Ϫ/Ϫ and control mice, had brain endothelial staining for viral nucleic acid (Fig. 2H and J) . Levels of infectious MAV-1 were the same in spleens and brains of Pfp Ϫ/Ϫ and control mice at 8 days p.i. (Fig. 1E) , and no infectious virus was recovered from Pfp Ϫ/Ϫ and control spleens and brains at 24 weeks p.i. (data not shown). The role of perforin in MAV-1-induced encephalomyelitis may be similar to the role of perforin in coxsackievirus B3 (CVB3)-induced myocarditis. Perforin-deficient mice are resistant to acute CVB3 disease and exhibit less myocarditis and inflammatory cell infiltration than controls, but perforin plays no role in clearance of CVB3 (21) . This similarity in the pathogenesis of CVB3 and MAV-1 is intriguing because both viruses infect endothelial cells. That Pfp Ϫ/Ϫ mice exhibit reduced cellular inflammation in response to MAV-1 ( Fig. 2G and I ) and CVB3 (21) compared to controls suggests that perforin may mediate inflammatory cell recruitment. Perforin may be less important for control of lytic viruses than for control of nonlytic viruses (38) . Our results with MAV-1 support this hypothesis. Although MAV-1 is cytopathic in vitro (27) , it can replicate to high titers in vivo in the absence of T cells without extensive cellular damage (this report).
MHC class I-deficient mice had statistically higher levels of infectious MAV-1 than control mice in brains but not spleens at 8 days p.i. (Fig. 1D) . However, the effect of MHC class I deficiency on viral load was transient, because MHC class Ϫ/Ϫ mice did not differ from controls in disease severity or levels of infectious virus in acute or long-term infection (Table 1 and data not shown). Taken together, the data on T cells, perforin, and MHC class I and II strongly suggest that CD8
ϩ CTL contribute to immunopathology by a perforin-dependent mechanism in acute MAV-1 encephalomyelitis.
Chemokine expression may mediate CTL responses and immunopathology in MAV-1-induced disease. Guida et al. showed that MAV-1 causes encephalomyelitis in B6 mice but not in BALB/c mice (24). Charles et al. then showed that brains and spleens of MAV-1-infected B6 mice have higher levels of chemokine and mRNA expression than brains and spleens of MAV-1-infected BALB/c mice (10) . In that report, at 3 and 4 days p.i. the chemokine RANTES was highly expressed in MAV-1-infected B6 brains but was expressed at lower levels in MAV-1-infected BALB/c brains. We have also detected upregulated RANTES expression in B6 brains but not BALB/c brains at 9 days p.i. (Moore and Spindler, unpublished data). The chemokine RANTES attracts T cells and monocytes to sites of inflammation and is required for T-cell function (48) . RANTES has been shown to contribute to immunopathology in mouse hepatitis virus-infected mice (46) . We hypothesize that the differential chemokine responses between B6 and BALB/c mice result in an immunopathological T-cell response in B6 mice that does not occur in BALB/c mice.
␣/␤ T cells were required for long-term survival of MAV-1 infection. Although ␣/␤ T cells contributed to early pathology through a perforin-dependent mechanism, ␣/␤ T-cell deficiency resulted in uncontrolled viral replication and eventual death. Thus, a regulated T-cell response is crucial for control of MAV-1 without pathology. TCR␤x␦ Ϫ/Ϫ and TCR␣ Ϫ/Ϫ mice, both lacking ␣/␤ T cells, succumbed to MAV-1 encephalomyelitis 9 to 16 weeks p.i. (Fig. 2Q and 3 ). MAV-1 was present at high levels in mice lacking ␣/␤ T cells ( Fig. 1C and  4) . In contrast, MHC class I-deficient, MHC class II-deficient, Pfp Ϫ/Ϫ , CD8 Ϫ/Ϫ , CD4 Ϫ/Ϫ , and TCR␦ Ϫ/Ϫ mice survived past 12 weeks (Fig. 3C and D and data not shown) , and infectious MAV-1 was undetectable from these strains of mice at 12 weeks p.i., even when organ homogenates were serially passaged on 3T6 cells (Fig. 4C and data not shown) . It is likely that either CD8 ϩ T cells or CD4 ϩ T cells alone are sufficient for clearance of MAV-1. CD4
ϩ T-cell-independent activation of CD8 ϩ T cells has been experimentally demonstrated (70) . An alternative hypothesis is that control of MAV-1 replication requires ␣/␤ T cells that express neither CD8 nor CD4. It has been suggested that double-negative (CD8 Ϫ CD4 Ϫ ) ␣/␤ T cells contribute to immunity to influenza virus in CD4-deficient mice (60) .
One interpretation of the role of T cells in MAV-1 pathogenesis is that in the absence of ␣/␤ T cells, acute MAV-1 replication is not limited during the acute phase, and MAV-1 continues to replicate productively without causing morbidity and mortality until 9 to 16 weeks p.i. It is also possible that T cells are important for suppressing replication of persistent MAV-1. These two roles for T cells are not mutually exclusive. T cells have been shown to be important for protection against persistent viral infections (35, 54) . For example, humans with specific T-cell deficiencies (e.g., DiGeorge syndrome and Xlinked lymphoproliferative syndrome) are susceptible to productive infections of viruses that are normally persistent (4, 15, 16, 22) . MAV-1 establishes persistent infections in outbred mice (reviewed in reference 64). In B6 mice, persistent MAV-1 (53), and MAV-1 (this report), but they are susceptible to acute ectromelia virus infection (53) . It is likely that factors such as the cell type(s) infected and mode of virus replication determine T-cell responses to viruses (76) . Like MAV-1, Hantaan virus targets macrophage/monocyte cells and endothelial cells (78) , and its pathogenesis bears similarity to that of MAV-1. Both viruses establish persistent infections in mice, their natural host (18, 64) , and both viruses cause acute encephalitis in adult B6 mice that is characterized by perivascular edema (compare Fig. 2 in this report to reference 71). Infection of athymic nude mice with Hantaan virus resulted in prolonged virus replication, compared to rapid clearance in BALB/c controls (3). These observations parallel results reported here. Macrophages and endothelial cells are both APCs that are known to express MHC class I and MHC class II molecules (1). Many viruses infect APCs; this strategy enables modulation of the host immune response, systemic dissemination, and viral persistence (19) . Adenoviruses infect endothelial cells of many animal species, including cattle, moose, dog, cat, deer, chicken, pig, and 12 species of reptiles (41, 42, 55, 61, 65, 67, 69, 73) . Our understanding of host immune responses will benefit from comparison of pathogenesis phenotypes induced by different viruses with similar target cell types.
We are pursuing identification of T-cell-dependent functions required for clearance of replicating MAV-1 and for survival of MAV-1 infection, such as the role of Fas ligand in T-cell-dependent clearance of MAV-1. Preliminary evidence indicates that the cytokine interferon gamma contributes to early protection but is dispensable for MAV-1 clearance and long-term host survival (Moore and Spindler, unpublished data).
T cells are known to be involved in immune responses to natural and experimental hAd infections (reviewed in reference 30). In acute pediatric upper respiratory disease caused by hAds, a significant increase in T cells and NK cells was observed, leading Matsubara et al. (49) to suggest that increased T-cell activation may be a useful parameter for determining the severity of adenovirus infection. It is likely that T cells contribute to disease severity in acute hAd infections. CMI causes disease in the context of many acute viral infections in animal models (13, 46, 47, 58) , and T cells are implicated in acute immunopathology in human viral disease (17) . Also, in murine and primate models of hAd-mediated gene therapy, T cells are a primary cause of inflammation and cellular damage (75, 80) . These observations suggest that T-cell immunopathology may be a general component of both human and mouse adenovirus-induced disease.
